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Superoxide dismutase is considered to be a crucial component in biological defense against oxidative stress. A full-length cDNA clone
encoding a putative chloroplastic Cu/Zn-SOD from barley seedlings (Hordeum vulgar cv. Rum) was isolated by RT-PCR from cDNA synthesized
from leaf mRNA. HvSOD cDNA is 760 bp in length, which translates an ORF of 201 amino acids that correspond to a protein of predicted
molecular mass of 20.21 kDa and a pI of 5.31.The deduced amino acid sequence of HvSOD showed higher identity (72–95%) with the sequences
of the chloroplastic Cu/Zn-SODs than those of the cytosol from other species. Moreover the cloned sequence showed all the typical structural
motifs of plant chloroplastic SODs with a 47 bp plastid targeting peptide. These results suggested that the HvSOD is chloroplastic. Reverse
transcription-PCR analysis was used here to investigate the expression patterns of HvSOD in response to abiotic stresses. The HvSOD gene was
induced in leaf tissues in response to drought, cold stress and exposure to stress related chemicals, indicating that it is involved in the antioxidative
process under various environmental stresses.
© 2010 SAAB. Published by Elsevier B.V. All rights reserved.
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The term reactive oxygen species (ROS) comprises partially
reduced or activated forms of atmospheric oxygen (O2) (Mittler,
2002). Unlike atmospheric oxygen, ROS are highly reactive and
toxic and are capable of unrestricted oxidation of various
cellular components such as membrane lipids, proteins, and
nucleic acid (Scandalios, 2005). In plants ROS are continually
produced as by-products of many metabolic pathways that are
localized in different cellular compartments like chloroplast,
mitochondria and peroxisomes (Foyer and Harbinson, 1994).
Whereas ROS production under normal growth conditions is
low (Alsher et al., 1997), many stress conditions have been
shown to enhance cellular ROS production leading to oxidative
stress in plants (Bolwell et al., 2002; Mittler, 2002; Scandalios,
2005). Vast amount of data have been collected that document
the accumulation of ROS during most, if not all, abiotic and⁎ Corresponding author. Tel.: +962 5 3532519; fax: +962 5 3530469.
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0254-6299/$ - see front matter © 2010 SAAB. Published by Elsevier B.V. All righ
doi:10.1016/j.sajb.2010.09.012biotic stress conditions including drought, salinity, cold, heat
shock, high light levels, heavy metals, UV-radiation, air
pollution, and pathogen attack (reviewed in Dat et al., 2000).
To avoid oxidative stress, the steady-state level of ROS in cells
has to be tightly controlled. Plant possesses both enzymatic and
non-enzymatic ROS-scavenging mechanisms (Halliwell, 2006;
Ledford and Niyogi, 2005).
Enzymatic antioxidant defenses in plants comprise mainly
superoxide dismutase (SOD), catalase (CAT), ascorbate
peroxidase (APX), glutathione peroxidase (GPX) and peroxir-
edoxin (PrxR). SODs catalyze the dismutation of O2
− (Super-
oxide, an inevitable by-product of photosynthesis) to H2O2
whereas CAT, APX, GPX and PrxR reduce H2O2 to H2O, thus
preventing the formation of hydroxyl radicals, which are highly
destructive to the cell (Blokhina et al., 2003). Superoxide
dismutases (SODs, EC 1.15.1.1) are a family of metalloen-
zymes which catalyzes the dismutation reaction of toxic
superoxide radicals to molecular oxygen and hydrogen
peroxide, and thus being a crucial part of the cellular antioxidant
defense mechanism by preventing the oxidation of variousts reserved.
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their derivatives (Bowler et al., 1992, 1994; Fridovich, 1986).
On the basis of metal co-factor requirements, SOD enzymes can
be classified into three groups: Cu/Zn-SOD, Mn-SOD and Fe-
SOD (Fink and Scandalios, 2002). Fe-SODs are generally
found in prokaryotes, in algae and in some higher plant
chloroplasts. Mn-SODs are found in prokaryotes, in mitochon-
dria and in peroxisomes. Cu/Zn-SODs are generally found in
eukaryotes (Bowler et al., 1994; Karpinska et al., 2001; Kasai
et al., 2006; Kim et al., 2008), and in plant cells, they are
generally found in the chloroplast, the cytosol, and possibly in
the extracellular space (Alscher et al., 2002).
In Arabidopsis three Cu/Zn-SOD genes, CSD1, CSD2, and
CSD3 have been identified (Kliebenstein et al., 1998). CSD1
and CSD2 activities are detected in different parts of the plant
and their proteins are localized in the cytosol and chloroplasts,
respectively (Kliebenstein et al., 1998). Molecular cloning of
SODs has been reported in several plant species, e.g. aspen
(Akkapeddi et al., 1994), maize (Cannon and Scandalios, 1989),
tobacco (Bowler et al., 1989), tomato (Perl-Treves et al., 1988)
and rice (Kaminaka et al., 1997). In several plant species, it has
been observed that Cu/Zn-SOD expression is induced in
response to a variety of chemical and environmental stimuli
(e.g., paraquat, temperature adversities, ozon, salt, hormones,
and high light) (Abercrombie et al., 2008; Guan and Scandalios,
1998; Kliebenstein et al., 1998; Sakamoto et al., 1992).
Hordeum vulgare (barley) is both an economically important
crop and a model system for the study of functional genomics in
cereals. Barley is a self-pollinated diploid, abundant genetic
variation for oxidative stress tolerance occurs in the primary
gene pool, and an ever-expanding set of tools exists for genetic
and molecular analysis (Hayes et al., 2003).
In this paper we report the cloning, phylogenetic analysis,
and expression of a chloroplastic Cu/Zn-SOD in barley
subjected to various stress stimuli.
2. Materials and methods
2.1. Plant materials and stress assays
Seeds of barley (Hordeum vulgare, cv. Rum) were planted in
the greenhouse in pots filled with peatmoss. The cultures were
maintained under 12 h light/12 h dark photoperiod at 25 °C.
Plants were fertilized with half-strength Hoagland solution
(Hoagland and Arnon, 1950) after 3 day intervals. To
investigate the response of the HvSOD gene to various stresses,
two-week old seedlings were used for the following five
treatments. For the drought stress, irrigation was withheld for
six days and samples were collected after 0, 2, 4, and 6 d
separately. For cold and heat stress, seedlings were exposed to 4
and 37 °C, respectively, and leaf samples were collected after 0,
3, 6, and 12 h. A different set of seedlings was sprayed under
greenhouse conditions with hydrogen peroxide (H2O2)
(10 mM) or methyl viologen (MV) (50 μM), in both stresses,
leaf samples were collected after 0, 2, 6, and 10 h. For every
treatment, eight shoots were pooled together as one biological
replicate and each treatment was repeated three times. Thecollected leaf tissues at different time points were quickly frozen
in liquid nitrogen, and subsequently used for total mRNA
extraction.
2.2. Isolation of total RNA and first strand cDNA synthesis
Total RNA was isolated from the leaf samples of two weeks
old seedlings subjected to the aforementioned treatments using
the Trizol Reagent (Promega) according to the manufacturer's
protocols, and treated with DNase I (Promega). The concentra-
tion and purity of RNA were assayed spectrophotometrically at
260 and 280 nm. The first-strand cDNA was synthesized from
5 μg RNA template with GoScript™ Reverse Transcription
System (Promega) according to the manufacturer's protocols
with oligo (dT)18 as a primer.
2.3. Cloning SOD cDNA and bioinformatics analyses
The amino acid sequence of wheat Cu/ZnSOD (GenBank
AAB67991) was used as a probe to screen barley ESTS
available in TriFLDB database (Mochida et al., 2009). One
candidate EST with high homology to TaSOD has been
identified with a full ORF (AK248474). The specific primers
P1 (5′-TATCGCCAGTCACCACCACCACC-3′; sense) and
P2 (5′-TCCAGGGAAAACGAGACTGGCGT-3′; antisense)
were designed for amplification of the complete putative ORF
using cDNA generated from leaves of 6 h H2O2-treated
seedlings as template.
A total of 25 μl of the RT-PCR reaction mixture contained
1 μl of 10-fold-diluted cDNAs (0.2 μg), 2.5 μl 10× PCR buffer,
2.5 μl dNTPs mixture (2.5 mM each), 0.1 μl of each primer
(10 μM), 0.1 μl proof reading Pfu DNA polymerase (Promega),
and distilled H2O was added to make up the final volume of
25 μl. The PCR conditions were 1 min at 94 °C, then 32 cycles
of 40 s at 94 °C, 40 s at 58 °C and 1 min at 72 °C, and a final
extension of 10 min at 72 °C. PCR products were separated on
1% agarose gels and the single specific PCR product band was
cloned into the pGEM-T easy vector (Promega) for sequencing.
Nucleotide sequence and protein similarity analyses were
carried out using BLAST programs (http://www.ncbi.nlm.nih.
gov/BLAST/). ClustalW was used to perform sequence
alignments, and MEGA program was used to construct a
phylogenetic tree of SOD proteins.
2.4. Semi-quantitative RT-PCR analysis
Transcript levels were monitored by semi-quantitative RT-
PCR in leaf tissues of plants subjected to drought, cold stress, heat
stress, and after subjecting to H2O2 and MV. The corresponding
cDNAwas used for the RT-PCR, which was performed using the
P1 and P2 primers. As a control, a barley β-actin gene (NCBI
accession No. AAN59955) fragment was amplified using sense
primer 5′-CATAGTTGGTCGCCCTCGGCAC-3′ and antisense
primer 5′-GCTGGAAGAGGACCTCAGGGCA-3′ under con-
ditions similar to those described for HvSOD, except for the
annealing at 55 °C.
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To isolate a SOD gene from barley, the sequence of TaSOD
(AAB67991) from wheat was used as a query to search barley
ESTs in the TriFLDB database (Mochida et al., 2009). A cDNA
fragment with high homology to wheat TaSOD was identified,
and the corresponding gene was designated as the HvSOD gene.
A full-length cDNA sequence of HvSOD was further isolated by
RT-PCR. The determined nucleotide sequence was 760 bp in
length, and has the start and stop codons, indicating that the gene
is complete. The sequence consists of a complete open reading
frame (ORF) of 606 bp with a 5′-UTR of 57 bp and a 3′-UTR of
97 bp. The ORF of theHvSOD gene encodes 201 deduced amino
acid residueswith a calculatedmolecularmass of 20.21 kDa and a
predicted isoelectric point of 5.31 (Fig. 1). The gene was named
HvSOD (Hordeum vulgar SOD1) and was deposited in the
GenBank under the accession number HM537232.
The deduced amino acid sequence of HvSOD showed
considerable homology to the Cu/Zn-SODs of other plants, as
shown in Fig. 2. Its deduced amino acid sequence showed
higher identity (72–95%) with the sequences of chloroplastic
CuZnSODs of other plant species rather than cytoplasmic (62–
64%) Cu/Zn-SODs.
The residues required for coordinating copper (His-93, -95,
-110, and -167) and zinc (His-110, -118, and -127 and Asp-
130), as well as the two cysteines (C-104 and C-193) that form a
single disulfide bond, were conserved as they are in all reported
Cu/Zn-SOD sequences. Moreover, when the phylogenetic tree
derived from the percentage of identity was plotted (Fig. 3), Cu/
Zn-SODs clearly clustered into two groups, the chloroplastic
and the cytosolic, that have evolved separately. The HvSOD
protein appeared among the chloroplastic group.
Analysis of the first 100 amino acids was performed with the
ChloroP V 1.1 program (http://www.dtu.dk/services/ChloroP)Fig. 1. Nucleotide and deduced amino acid sequence of HvCu/ZnSOD. The deduced a
Numbers to the right refer to nucleotides. The asterisk denotes the translation stop s(Emanuelsson et al., 2000). In this analysis chloroplast
localization was predicted (data not shown). The transit
sequence is 47 bp and is rich in basic, hydroxylated, and
hydrophobic amino acids and lacks negatively charged
residues, all characteristics of known transit peptides (Schmidt
and Mishkind, 1986). This will lead us to conclude that the
newly identifiedHvSOD gene probably corresponds to a protein
located in the chloroplast.
The expression patterns of the HvSOD gene under various
stresses, such as, drought, cold, heat, and exposure to stress-
related chemicals, were investigated by RT-PCR. HvSOD
transcripts accumulated gradually during the drought period and
started to increase at 2 d after treatment. The maximum
expression was observed after 4 and 6 d after treatment. The
transcripts of HvSOD started to accumulate after 3 h of low
temperature stress; this level of transcripts was maintained until
6 h after cold treatment. However, the transcripts further
increase to reach the maximum after 12 h exposure to cold
stress. Barley plants did not show any heat-stress induced SOD
expression. HvSOD transcription was rapidly and strongly
induced 2 h after spraying the plants with 10 mMH2O2, and this
level of strong induction persisted through the course of the
experiment. By spraying the barley seedling with 50 μM MV,
HvSOD was up-regulated but to a lesser extent compared to
H2O2 treatment. The transcript levels accumulated gradually in
response to MV and reached the maximum expression 10 h post
treatment (Fig. 4).
4. Discussion
A wide range of environmental stresses causes severe
damages in plants by imposing oxidative stress. These
environmental adversities are accompanied by increased
formation of ROS molecules such as the superoxide anionmino acid sequence is shown in single letter code below the nucleotide sequence.
ignal.
Fig. 2. Amino acid sequence alignment of HvCu/ZnSOD and other plant chloroplastic Cu/ZnSODs. The listed Cu/ZnSODs are from wheat (AAB67991.1); barley, this
study (HM537232); rice (BAD13222.1); and maize (BAI50563.1). Residues coordinating copper and zinc are indicated with asterisks.
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postulated to cope with it (Bowler et al., 1994).
In the present study, we cloned and identified a Cu/Zn-SOD
from barley, and its expression responses to various environ-
mental stresses were investigated. Analysis of the barley Cu/Zn-
SOD protein showed a high degree of sequence similarity with
equivalent SOD proteins from other plant species. The analysis82
74
72
43
0.30.40.50.60.70.80.91.01.11.2
Fig. 3. Phylogenetic tree of HvCu/ZnSOD with cytosolic and chloroplastic Cu/ZnSO
names for these sequences are as follows: CaSOD, pepper (AAB66812.1); NpSOD,
potato (AAA88196.1); OeSOD, olive (CAD21706.2); OsSODCc1, rice (L19435.1);
peas (AAA33659.1); VvSOD, grapes (AAC14128.1); MsSOD, Alfalfa (AAC1412
TaSOD, wheat (AAB67991.1); OsSODCc2, rice (BAD13222.1); SlSOD2, tom
(AAD10208.1).also revealed highly conserved residues for coordinating copper
and zinc with other reported Cu/Zn-SOD sequences. The
presence of a putative N-terminal transit peptide indicated that
the Cu/Zn-SOD protein from barley is located in the
chloroplast. In a comparison of Cu/Zn-SOD amino acid
compositions from several plant species, Kwiatowski and
Kaniuga (1986) reported that chloroplast isozymes are moreChloroplasstic
Cytosolic
CaSOD
NpSOD
SlSOD1
IpSOD
OeSOD
OsSODCc1
GmSOD
CarSOD
PsSODI
VvSOD
MsSOD
PsSODII
HvSOD
TaSOD
OsSODCc2
SlSOD2
ZmSOD
AtSOD
100
100
69
93
91
100
43
36
37
0.00.10.2
D from other plants constructed by MEGA program. The accession numbers and
Tex-Mex tobacco (CAA39444.1); SlSOD1, tomato (X14040.1); IpSOD, sweet
GmSOD, soybean (Q7M1R5.1); CarSOD, chickpeas (CAA10132.1); PsSODI,
7.1); PsSODII, Peas (CAA39819.1); HvSOD, barley, this study (HM537232);
ato (AAQ09007.1); ZmSOD, maize (BAI50563.1); AtSOD, Arabidopsis
Fig. 4. Semiquantitative RT-PCR expression analysis of HvSOD in response to
different stress stimuli.
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similarity decreases further when chloroplastic and cytosolic
isozymes are compared. The amino acid sequence comparisons
made in this study support that observation.
The RT-PCR analysis showed upregulation of HvSOD in
drought stressed-barley seedlings. However, in contrast to our
results, Wu et al. (1999) found that the expression of a
chloroplastic Cu/Zn-SOD gene from wheat was unaffected by
drought stress.
The effect of heat and cold stresses on the expression of
HvSOD was assayed. Cold stress caused induction of HvSOD
expression, while heat stress has no significant impact on
HvSOD expression. During cold stress, ROS are produced,
which are associated with the inhibition of photosystem I (PSI)
(Li et al., 2003). The effect of cold stress was not a surprise as
there are some evidences of the induction of genes encoding Cu/
Zn-SOD by chilling stress (Hernandez-Nistal et al., 2002;Kaminaka et al., 1999; Tsang et al., 1991). However, Shin et al.
(2005) reported that cassava Sod1 gene was not induced by cold
stress. When overexpressing chloroplastic Cu/Zn-SOD trans-
genic tobacco plants showed increased tolerance to oxidative
stress caused by low temperature (Gupta et al., 1993).
High temperature is one of the major environmental factors
that affect plant growth and productivity (Frova, 2000). Heat
stress leads to the production of hydrogen peroxide causing
oxidative stress (Temple et al., 2005). Surprisingly, heat stress
has no significant impact on HvSOD expression, in contrast to
this result; heat stress induces the expression of SOD in different
plant species (Shin et al., 2005).
The SOD gene from barley was strongly induced by H2O2
treatment. The role of H2O2 as a signal in abiotic and biotic stress
defense such as acclimation to chilling and high light, pathogen
defense response, wounding responses, and cell death, has been
well documented (Vranova et al., 2002). It seems that HvSOD
does function in such defense systems where hydrogen peroxide
acts as a signal. Our results demonstrated thatHvSOD is induced
by MV treatment. Such induction might be in response to the
elevated level of superoxide production after MV treatment.
Paraquat or methyl viologen is a non-selective herbicide that acts
by inducing oxidative damage through intercepting electrons on
the reducing side of PSI, and transfer of the electrons to oxygen
in a chain reaction causing continuous production of superoxide
anions, which in turn causes additional damage by inactivating
chlorophyll an oxidizing chloroplast membrane lipids (Dodge,
1989; Tsukamoto et al., 2005). Iturbe-Ormaetxe et al. (1998)
noticed that Cu/Zn-SOD activity was enhanced when treating
pea plants with MV. Moreover, Cu/Zn-SOD was reported to be
induced by MV treatment in maize, radish, and tobacco (Kwon
and An, 2003; Tsang et al., 1991; Williamson and Scandalios,
1992). With the goal of increasing stress tolerance, SODs and
other antioxidant enzymes have been overexpressed in several
plant species. Many reports have demonstrated enhanced
tolerance to oxidative stress in transgenic plants with high
SOD activity. Overexpression of a cytosolic SOD from pea in
transgenic tobacco plants increased ozone tolerance (Pitcher and
Zilinskas, 1996). Transgenic potato plants overexpressing the
tomato Cu/Zn-SOD gene showed enhanced tolerance to
oxidative stress caused by MV (Perl et al., 1993). In addition,
Barna et al. (1993) reported the resistance of in vitro selected
paraquat-tolerant tobacco line with augmented SOD activity to a
wide spectrum of biotic and abiotic stresses. The induction of
HvSOD by H2O2 and MV treatments confirms the participation
of this gene in the antioxidative pathway in barley.
The HvSOD gene from barley was found to respond
differentially to environmental stresses; the results illustrate that
HvSOD was induced by drought stress, cold stress, H2O2, and by
MV, indicating that it is induced by many types of stresses.
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